Rationale: Ca binding to the troponin complex represents a major portion of cytosolic Ca buffering. Troponin mutations that increase myofilament Ca sensitivity are associated with familial hypertrophic cardiomyopathy and confer a high risk for sudden death. In mice, Ca sensitization causes ventricular arrhythmias, but the underlying mechanisms remain unclear.
arrhythmias in TnT mutant mice. 11 However, the underlying mechanisms remain unknown. 12 The troponin complex represents a substantial portion of cytoplasmic Ca buffering, binding approximately 50% of Ca released from the sarcoplasmic reticulum (SR) during a typical heart beat. 13 The effect of a TnT mutation on myofilament Ca sensitivity is likely due to an indirect action of TnT on Ca binding by troponin C (TnC), which is possible because TnT, TnC, and troponin I form a trimeric protein complex. 14 Hence, we hypothesize that increased myofilament Ca sensitivity alters cytoplasmic Ca buffering. Based on experiments that introduced exogenous Ca buffers into myocytes, 15 increased cytosolic Ca buffering should reduce the systolic Ca transient with a slow rate of decay and increased cytosolic [Ca] at the end of diastole. 16 As the heart rate increases further, Ca may stay partly bound even at the end of diastole. On the other hand, when heart rate slows, or during a pause, the excessive Ca bound to the myofilaments during the preceding rapid beats may get mobilized and taken up into the SR. Thus, we further hypothesize that as a consequence of increased cytosolic Ca buffering, Ca release after a pause will be increased. Increased Ca release after a brief pause is a phenomenon also observed in normal myocardium (the resulting increased contraction is often referred to as postrest potentiation), but this process may be abnormally enhanced in the setting of increased cytosolic Ca buffering. Intracellular Ca regulates membrane currents and directly alters the membrane potential via the electrogenic Na Ca exchanger (NCX). 9 Hence, an increased postrest potentiation of Casensitized hearts may cause pause-dependent action potential (AP) prolongation, afterdepolarizations, and triggered activity.
To test these hypotheses, we examined the effect of both acutely and chronically increasing myofilament Ca sensitivity on myocyte Ca buffering, Ca cycling, and AP. As chronic model we used transgenic mice expressing the Ca-sensitizing human TnT mutant TnT-I79N. In FHC patients, this mutation is associated with a high rate of SCD at young age. 17 This group was compared to mice expressing either the human wild-type TnT (WT) or the TnT-R278C mutant. TnT-R278C does not increase myofilament Ca sensitivity 18 and is associated with a better prognosis. 7, 19 We also used a FHC-linked TnT mutation that causes intermediate Ca sensitization (TnT-F110I). 11 As an acute model, we used the Ca sensitizer EMD57033, which has relatively specific myofilament Casensitizing properties. 20, 21 As hypothesized, we find that Ca-sensitizing TnT mutations increase cytosolic Ca binding and alter myocyte Ca handling with increased end-diastolic [Ca] at fast pacing rates and enhanced SR Ca content and release after pauses. AP regulation is altered with postpause AP prolongation, afterdepolarizations, and triggered activity. Acute Ca sensitization of nontransgenic hearts with EMD mimics the effects of Ca-sensitizing TnT mutants and produces pause-dependent ventricular ectopy and sustained VT in mouse hearts with acute myocardial infarction (MI). Our findings suggest a novel mechanism of pause-dependent arrhythmia that could be relevant for inherited and acquired human cardiomyopathies with increased myofilament Ca sensitivity.
Methods
An expanded Methods section describing the mouse models, intracellular Ca, AP and ECG measurements, and data analysis is provided in the online-only Data Supplement. 
Results

Myofilament Ca Sensitization Increases Cytosolic Ca Binding by Altering Its Apparent K d
To test the hypothesis that increased myofilament Ca sensitivity changes cytosolic Ca binding, we quantified cytosolic Ca buffering in ventricular myocytes from transgenic mice with varying levels of myofilament Ca sensitivity. 11, 18, 22 To measure cytosolic Ca buffering, caffeine was rapidly applied to release Ca from the SR ( Figure 1A , upper trace). Integration of the NCX current ( Figure 1A , lower trace) yielded the total amount of Ca released from the SR. 23 We did not block cytosolic Ca removal via mitochondrial Ca uptake or sarcolemmal Ca-ATPase and therefore somewhat underestimate [Ca] total . Importantly though, the rates of non-NCX mediated Ca removal were not different between the mutations (Online Figure I ) and are not expected to bias the result. SR Ca content was reduced by pretreatment with a low concentration of caffeine 24 to achieve caffeine transients that match the amplitude of the Ca transient during a typical myocyte contraction. 25 The rise in free cytosolic Ca was significantly smaller in myocytes expressing the Ca-sensitizing TnT-I79N mutant compared to WT, even though the total amount of Ca released from the SR was the same ( Figure 1A ). On average, the ratio between the total amount of Ca released from the SR and the resulting peak change in [Ca] free (ϭ⌬[Ca] total / ⌬[Ca] free ) was significantly higher in TnT-I79N myocytes ( Figure 1B-1D ), indicating that significantly more Ca was bound in TnT-I79N compared to WT myocytes and myocytes expressing the nonsensitizing TnT-R278C mutant. Myocytes expressing the TnT-F110I mutant that has intermediate Casensitizing effects 11 exhibited also an intermediate effect on cytosolic Ca binding ( Figure 1D ). At the same time, the concentrations of key Ca binding proteins SERCA, calsequestrin, phospholamban, NCX, and calmodulin were not significantly different among the groups (Online Figure II) .
We also used an independent method to confirm the effect of the TnT-I79N mutation on cytosolic Ca buffering (Online Figure III ). 26 Compared to nontransgenic myocytes (NTG), Ca-sensitized TnT-I79N myocytes exhibited much smaller rises in [Ca] free in response to approximately the same amount of total Ca influx into the cytosol, which was calculated by integrating the Ca current (Online Figure IIIA , middle trace). As before, we calculated the ratio between the increase in [Ca] total and the resulting change in [Ca] free for each myocyte. On average, cytosolic Ca binding capacity was significantly higher in TnT-I79N compared to NTG myocytes (Online Figure IIIB ).
We next examined how sensitizing TnT mutants increase cytosolic Ca binding by calculating cytosolic K d and B max for each myocyte using the protocol by Trafford et al 23 as illustrated in Figure 2A . Both the Ca-sensitizing TnT-I79N and TnT-F110I mutants significantly lowered average K d ( Figure 2B ) but did not change maximal cytosolic buffering capacity (B max ). The K d of the nonsensitizing TnT-R278C mutant was not significantly different from that of WT myocytes. Taken together, these data demonstrate that Casensitizing TnT mutants increase Ca buffering by lowering the apparent K d for cytosolic Ca binding (presumably to TnC).
A potential limitation is that cytosolic Ca buffering could be measured experimentally only at resting diastolic [Ca] free , which was on average 0.13Ϯ0.08 mol/L and not significantly different between the 4 groups of myocytes. To examine the effect of the TnT mutations on cytosolic buffering at different diastolic [Ca] free , we first modeled full buffering curves for all groups ( Figure 2D ) based on the average K d and B max obtained experimentally ( Figure 2B and 2C). Note that initially, the buffering curves of Ca-sensitized myocytes are much steeper compared to those of WT and R278C myocytes. Hence, more Ca can be buffered when end-diastolic [Ca] free is low. However, because the total number of Ca binding sites (B max ) is unchanged, Ca binding will saturate more rapidly in Ca-sensitized compared to nonsensitized myocytes. As a result, the amount of Ca that can be bound by sensitized myofilaments is expected to diminish more rapidly than that of nonsensitized myofilaments as steady-state end-diastolic [Ca] free rises. To quantify this phenomenon, we next calculated for each genotype their capacity to buffer systolic Ca transients during a myocyte twitch as a function of end-diastolic [Ca] free ( Figure 2E ). Consistent with the experimental results of Figure 1D , cytosolic Ca buffering is increased in I79N and F110I myocytes at resting diastolic [Ca] free values (Figure 2E , points a and b). However, as steady-state end-diastolic [Ca] free rises (ie, during rapid stimulation), the difference in buffering power between the groups is progressively reduced and may even reverse at high end-diastolic [Ca] free ( Figure 2E ). Taken together, the modeling results suggest that the net effect of changes in myofilament Ca binding affinity (K d ) on the Ca transient amplitude during a twitch will depend on the level of end-diastolic [Ca] free .
To test whether acute myofilament Ca sensitization can reproduce the effects of Ca-sensitizing TnT mutants, we used the Ca sensitizer EMD57033 (Online Figure IVA) . Measurements of the intracellular Ca buffering using the Trafford method 23 yielded results that were comparable to TnT-I79N: Significantly more Ca was bound in myocytes treated with EMD compared to vehicle-treated myocytes (Online Figure  IVB) . The increased buffering capacity can be attributed to an increased cytosolic Ca binding affinity (K d ), whereas maximal Ca binding capacity (B max ) was unchanged (Online Figure IVB ).
Ca Sensitization Prolongs Ca Transients, Increases End-Diastolic [Ca], and Potentiates Postpause SR Ca Content and Release
Increased cytosolic Ca buffering can be predicted to change intracellular Ca cycling during a twitch. 16 We first studied the effect of Ca sensitization in field-stimulated intact myocytes. Consistent with their increased cytosolic Ca buffering ( Figures 1 and 2), TnT-I79N myocytes exhibit depressed systolic Ca transients with slowed decay rates when paced at 1 Hz ( Figure 3A , 3C, and 3D). End-diastolic [Ca] free was modestly but significantly increased ( Figure 3A and 3E ). Ca transients of myocytes expressing the nonsensitizing TnT-R278C were not different from WT myocytes. At a faster pacing of 5 Hz, decay kinetics of TnT-I79N myocytes remain slower and end-diastolic [Ca] further increased compared to both WT and TnT-R278C ( Figure 3B , 3D, and 3E). Ca transient amplitude remained the same in TnT-WT and TnT-R278C but increased significantly in the TnT-I79N group. As a result, I79N Ca transient amplitude was only modestly lower compared to the nonsensitized myocytes at 5 Hz, a difference that was no longer statistically significant ( Figure 3B and 3C). The latter result is consistent with modeling predictions that the effect of the TnT-I79N mutation on cytosolic buffering is reduced when end-diastolic [Ca] free is increased (Figure 2E , points a and c).
We next determined the effect of increased Ca binding affinity on intracellular Ca cycling in the intact heart at physiological heart rates. Hearts were subjected to pacing trains at cycle lengths ranging from 150 to 80 ms, which correspond to physiological heart rates of mice in vivo. To test the effect of a sudden change in heart rate, we introduced a 1000-ms pause followed by an extrastimulus (S2) and recorded Ca fluorescence ( Figure 4A ). Similar to the results in isolated myocytes, Ca removal from the cytosol is slowed and end-diastolic [Ca] free during the pacing train are significantly increased in TnT-I79N compared to WT and TnT-R278C hearts ( Figure 4B and 4C). The systolic Ca transients during the pacing train (S1) were not statistically different among the groups ( Figure 4D ), but TnT-I79N hearts showed significantly increased S2 Ca transient amplitudes after the pause ( Figure 4E ). This postpause potentiation of SR Ca release is even more evident when plotting the ratio of S1 and S2 ( Figure 4F ). Importantly, pretreatment of hearts with the myosin inhibitor blebbistatin, which both desensitizes and uncouples myofilaments, 11 prevented the altered Ca handling in TnT-I79N hearts (Online Figure V) .
L-type Ca currents that are responsible for triggering SR Ca release are not significantly different in TnT-I79N compared to TnT-WT myocytes. 9 Hence, we hypothesized that increased SR Ca content may be the underlying cause for the pause-induced large Ca transient in the Ca-sensitized hearts. To test this hypothesis, voltage-clamped myocytes were stimulated from a holding potential of Ϫ70 mV with brief membrane depolarizations to 0 mV at 0.5-s cycle length (2 Hz). To measure steady-state SR Ca content during the pacing train, caffeine was applied 0.5 s (ϭpacing cycle length, [PCL]) after the last pacing stimulus ( Figure 5A ). To measure postpause SR Ca content, caffeine was applied 4 s after the last stimulus ( Figure 5A ). SR Ca content was determined by measuring the NCX current integral in response to the caffeine application ( Figure 5B ). End-diastolic SR Ca content was not statistically different between TnT-I79N and TnT-WT myocytes during steady-state pacing ( Figure 5C ). After the pause, SR Ca content was significantly larger in TnT-I79N myocytes compared to TnT-WT myocytes ( Figure 5C ).
Taken together, these data demonstrate that the main consequences of increased myofilament Ca binding affinity during physiological heart rates are an increased end-diastolic [Ca] free and a pause-dependent increase of SR Ca release.
Increasing Ca Sensitivity Causes AP Prolongation, Early Afterdepolarizations, and Triggered Activity After Pauses
Because the myocyte membrane potential is closely linked to intracellular [Ca] free via the electrogenic NCX, we next examined the effect of enhanced postrest potentiation of SR Ca release on the cardiac AP in the intact heart at physiological heart rates. Monophasic APs were recorded using a pacing protocol analogous to the Ca transient measurements presented in Figure 4 . TnT-I79N hearts were susceptible to induction of VT, which can be triggered after a pause ( Figure   6A ). Figure 6B shows representative examples of monophasic APs recordings. Consistent with previous studies, 9, 11 the S1 AP during steady-state pacing had a triangular shape in TnT-I79N hearts, but the overall AP duration (APD; measured as the duration at 90% repolarization, APD90) was not different among the groups (summary data not shown). On the other hand, the postpause beat (S2) had a trend toward longer APD90 in TnT-I79N at normal pacing rates with a PCL of 150 ms. At fast pacing rates, the AP prolongation was more pronounced and reached statistical significance ( Figure  6C ). This postpause AP prolongation became even more apparent when comparing the relative APD changes after every pause ( Figure 6D) , ie, the relationship between the S1 and the S2 beat. Similarly, an acute increase in Ca sensitivity with EMD also resulted in a striking postpause AP prolongation compared to both WT and TnT-R278C ( Figure 6E and 6F) .
Prolonged APs can cause early afterdepolarizations (EADs) and triggered arrhythmias. 27 Thus, we investigated whether the postpause AP prolongation in Ca-sensitized hearts increases the rate of EADs. Figure 7A shows a typical example of an EAD. Chronically increased Ca sensitivity in TnT-I79N resulted in an increased occurrence of EADs at fast pacing rates ( Figure 7B ). The mean takeoff potential of the EADs was around 80% repolarization level (81%Ϯ2%, nϭ17). There was no difference in the incidence of EADs between TnT-R278C and WT. Application of EMD caused a significant increase in postpause EADs already at normal heart rates with a PCL of 150 ms, at faster pacing rates this increase was even more dramatic ( Figure 7C ).
EADs were frequently followed by triggered activity (Figure 7A ). Hence, we examined the occurrence of triggered beats following the postpause beat. Triggered beats occurred more frequently in TnT-I79N at fast pacing rates (PCL 100 ms), whereas TnT-R278C was not statistically different from control ( Figure 7D ). Likewise, EMD significantly increased the incidence of triggered beats ( Figure 7E ) compared to baseline and washout recordings. Taken together, these results demonstrate that myofilament Ca sensitization increases the rate of EADs and triggered beats after pauses.
Increasing Ca Sensitivity Renders Hearts With Acute MI Susceptible to Pause-Dependent Ventricular Ectopy and Sustained VT
To explore the relevance of myofilament Ca sensitization as an arrhythmogenic mechanism in acquired heart disease, we next tested the effect of EMD in isolated hearts after inducing an acute MI by coronary ligation (Figure 8 ). Ca transients were recorded from the nonischemic area at the base of the left ventricle. Analogous to the effects of Ca-sensitizing TnT-mutants (Figure 4) , EMD treatment slowed cytosolic Ca removal and caused an increase in end-diastolic [Ca] free (Figure 8A-8C ). Postpause Ca transients were significantly larger in EMD-treated compared to vehicle-treated MI hearts. The large S2 Ca transient in EMD-treated hearts was frequently followed by either a single triggered premature beat or sustained VT ( Figure 8A , lower panels). Compared to nonischemic NTG control hearts, all MI hearts exhibit an increased incidence of ectopic beats during steady-state pacing ( Figure 8D ). Interestingly, EMD had no effect on the rate of ventricular ectopy during steady-state pacing ( Figure 8D ). Rather, we find that EMD selectively increased the incidence of postpause ventricular ectopy ( Figure 8E ) and caused sustained VT in 5 out of 7 MI hearts examined ( Figure 8F ). Hearts were paced at different pacing cycle length (PCL) (S1), followed by a 500 ms pause and an extrastimulus (S2). A, Example of spontaneous ventricular tachycardia (VT) in a troponin T (TnT)-I79N mouse after a pause following fast pacing. B, Representative monophasic action potentials (MAP) records during the stimulation protocol, PCL 100 ms. C-D, Ca-sensitized TnT-I79N hearts show rate-dependent AP prolongation after the pause. Panel D shows the relative postpause APD90 (S2) compared to prepause APD90 (S1). nϭ5 to 8 mice per group. E-F, Acutely increased Ca sensitivity with EMD (3 mol/L) also causes rate-dependent AP prolongation after pauses. nϭ4 to 11 mice per group. *PϽ0.05, **PϽ0.01.
Figure 7. Ca sensitization causes early afterdepolarizations (EADs) and triggers premature beats after pauses. A,
Pacing train with extra stimulus (S2) after a 500 ms pause. Example record from a nontransgenic myocytes (NTG) heart treated with EMD (3 mol/L) shows an EAD followed by a triggered beat (TB). Pacing cycle lengthϭ100 ms. B, At fast pacing, the incidence of EADs is increased in the Ca-sensitized TnT-I79N hearts. nϭ4 to 11 mice per group. C, NTG hearts treated with EMD exhibit an increased rate of EADs compared to vehicle (VEH) treated NTG hearts and recordings after washout (WASH). nϭ7 to 10 mice. D, In TnT-I79N hearts, the S2 beat frequently triggers premature beats. nϭ4 to 11 mice per group. E, The incidence of TBs is increased by acute Ca sensitization with EMD. nϭ11 to 14 mice. *PϽ0.05, **PϽ0.01.
Discussion
We report 3 major findings: First, both chronic and acute increases in myofilament Ca sensitivity (caused by TnT mutations or the drug EMD57033, respectively), produce a proportional increase in cytosolic Ca binding affinity ( Figures  1 and 2, Online Figure IV) . Second, the increased myofilament Ca binding results in increased end-diastolic [Ca] free during steady-state pacing and potentiates SR Ca release after brief pauses (Figures 3-5 ). Third, Ca-sensitized hearts exhibit altered AP regulation characterized by postpause AP prolongation, afterdepolarizations and triggered activity ( Figures 6  and 7) , likely as a result of excessive postrest potentiation of Ca release generated by cytosolic Ca accumulation during physiological heart rates. Taken together, these observations suggest a novel mechanism for triggering ventricular ectopy that occurs as a direct consequence of increased myofilament Ca sensitivity. If a substrate able to support reentrant excitation is present, ie, induced by rapid pacing (as reported previously 11 ) or in the setting of an acute MI (Figure 8) , the triggered beats can initiate sustained VT. Hence, our results are likely relevant for the pathogenesis of ventricular arrhythmia in inherited and acquired cardiomyopathies associated with increased myofilament Ca sensitivity.
Mechanism of Increased Cytosolic Ca Buffering Caused by Myofilament Ca-Sensitization
Because TnT by itself does not bind Ca in amounts sufficient to alter Ca buffering, finding increased Ca buffering in myocytes expressing TnT mutants may seem surprising. However, protein conformation changes in TnT can change Ca binding to TnC. 28 Given the polymeric nature of the thin filament, even mutations in other thin filament proteins 29 or changes in cross-bridge activity 20 alter myofilament Ca sensitivity and likely change the Ca binding affinity (ϭK d ) of TnC in intact fibers. Given the fixed cytoplasmic volume of intact myocytes and the fact that TnC binds close to 50% of Ca released during a typical heartbeat, 13 even a small change in the K d of TnC should result in a significant change in cytosolic [Ca] free during a physiological Ca release in the beating heart. On the other hand, the total number of Ca binding sites in the cytosol (ϭmaximal buffering capacity, B max ) did not change (Figure 2 ). This result is consistent with the finding that protein expression levels of TnT, TnC, or troponin I are not affected by the investigated TnT mutations. 18, 30 The hypothesis that myofilament Ca sensitization can increase myofilament Ca binding is further supported by our experiments with EMD57033 (Online Figure IV) . EMD binds to the C-lobe of TnC in a region that interacts with troponin I as well as TnT with a K d of approximately 8 mol/L. 21 Previous reports did not show significantly increased TnC Ca binding in response to EMD, 20 but differences in the experimental approach (eg, equilibrium versus dynamic) as well as the possibility that EMD only increases Ca binding at physiological [Ca] free may explain the different results.
Increased Myofilament Ca Buffering Alters Myocyte Ca Homeostasis
In the intact myocytes, [Ca] free is determined at any given time point by the rate of sarcolemmal and SR Ca fluxes and the Ca buffering properties of the cytosol. 31 As long as the net rate of Ca flux into the cytosol remains unchanged, systolic [Ca] free will be decreased in the context of increased Ca buffering. Other groups have shown that increasing maximal Ca binding capacity (B max ) by Ca chelators can reduce Ca transient amplitude. 16 Here we directly demonstrate that increasing cytosolic Ca binding affinity (ϭlower K d ) without changing B max was similarly able to reduce Ca transient amplitude. The increased net Ca buffering is sufficient to lower systolic [Ca] free (Figure 1 ) and likely contributes to the decreased Ca transient amplitude in TnT-I79N cardiomyocytes at slow pacing rates ( Figure 3A) . Assuming that the increased myofilament Ca sensitivity affect TnC Ca "on" rates as well as "off" rates, the other consequence is slower Ca dissociation from the sensitized myofilaments during diastole. Consistent with this theory, we observed slow Ca transient decay rates in Ca-sensitized hearts, both in isolated cells and in whole hearts (Figures 3 and 5 ). Next, slow Ca decay rates can be predicted to lead to increased diastolic [Ca] free , once the diastolic interval is not sufficiently long to allow for complete cytosolic Ca removal. Again, our observations agree with this notion. Diastolic [Ca] free is increased both in isolated myocytes and in intact heart at physiological heart rates. A possible limitation is that the Ca indicators used to measure [Ca] free introduce exogenous cytosolic buffering that will further slow the Ca decay kinetics and will exacerbate the rate-dependent increase in end-diastolic [Ca] free . However, we previously reported that rapid pacing causes an excessive increase in end-diastolic pressure in indicator-free TnT mutant hearts, 32 suggesting that the presence of Ca indicators was not responsible for this phenomenon.
A surprising finding was that increased myofilament buffering did not reduce Ca transient amplitude at physiological heart rates ( Figure 3B and 4D) . Although we cannot exclude that other factor such as differences in sarcomere length 13 or RyR2 SR Ca release channel activity 33 are contributory, our modeling studies provide a plausible explanation: Myofilament Ca sensitization only changes K d but not B max ( Figure  2 ). Modeling the effect of an altered K d predicts that the differences in cytosolic buffering are progressively reduced and may even reverse as end-diastolic [Ca] free rises ( Figure  2E ). Because end-diastolic [Ca] free is increased in Casensitized muscle during steady-state pacing, finding unchanged Ca transient amplitudes suggests that the extra cytosolic Ca buffering provided by myofilament sensitization is largely saturated at physiological heart rates. This situation is illustrated in Figure 2E by the points a and c. On the other hand, the increased myofilament Ca accumulated during steady-state pacing is likely responsible for the exaggerated postrest potentiation of Ca release (Figure 4) .
Postrest potentiation is a physiological phenomenon observed in mammalian cardiac muscle that describes a larger contraction on restimulation of isolated myocardium after short periods of rest. 34 The major underlying mechanisms are a shift of Ca from the cytosol into the SR resulting in larger SR load and also a more complete recovery of L-type Ca current and RyR2 refractoriness, together leading to enhanced Ca release after a pause. 33 Postrest potentiation is enhanced with faster pacing rates 35 and can be abolished by pretreatment with ryanodine. 36 Our findings support the hypothesis that an increased SR load was responsible for the enhanced postrest potentiation of Ca-sensitized hearts: Although SR load was the same during steady state, the SR load was significantly increased after a pause in Ca-sensitized TnT-I79N compared to WT myocytes ( Figure 5 ). We interpret this result as follows: In a situation where cytosolic Ca affinity (ie, K d ) is increased by myofilament sensitization, the extra Ca accumulated in the cytosol during the pacing train and bound to the myofilaments can be mobilized during a pause, of which a large fraction will be pumped into the SR. 33 In addition, the increased end-diastolic [Ca] free found in Casensitized cardiac muscle ( Figures 5 and 8 ) will further increase postrest potentation.
Myofilament Sensitization as a Cause of Pause-Dependent EADs and Triggered Arrhythmia
In mouse models expressing human TnT mutations associated with hypertrophic cardiomyopathy, the degree of Ca sensitization correlates with the risk for VT. 9, 11 We reported previously reentrant activation pattern, likely produced as the result of increased conduction velocity dispersion and AP alternans. 11 However, an additional triggering mechanism is still required to initiate VT. Here, we find that that Casensitized hearts exhibit pause-dependent AP prolongation, EADs, and triggered activity ( Figures 6 and 7) . Cardiac AP repolarization is highly interconnected with intracellular [Ca] free . 25, 37 Hence, the large postpause S2 Ca transients found in Ca-sensitized hearts (Figure 4) presumably activate inward NCX current, 38 thereby causing the striking AP prolongation shown in Figure 6 . Prolonged AP durations and elevated intracellular [Ca] are also well-recognized mechanism for late EADs. 25 Another form of pause-dependent arrhythmia is torsades de pointes that occurs in patients with the long QT syndrome. 39 A brief pause or slowing of the heart rate in the setting of baseline APD prolongation leads to an increased incidence of EADs and possibly torsades if the substrate is sufficiently primed. 40 -42 In long QT syndrome, the physiological postpause APD prolongation in the setting of already prolonged APs causes triggered activity. In the case of increased myofilament Ca sensitivity, APD and QT are normal during steady-state pacing 11 or in vivo. 9, 22 Rather, as we show here, the APD prolongation after a pause is abnormally enhanced, leading to postpause EADs and potentially VT. As increased myofilament Ca sensitivity is frequently found in hypertro-phic cardiomyopathy, 10 such a triggering mechanism could be life-threatening when paired with structural remodeling of the heart.
Potential Implications
In this study, we present a new mechanism of how increased myofilament Ca sensitivity can render hearts susceptible to ventricular arrhythmia: Increased cytosolic Ca buffering leads to pause-dependent increased SR Ca load and triggered activity. In addition to inherited cardiac diseases such as TnT-linked FHC, our findings have implications for more common acquired human cardiomyopathies. Increased myofilament Ca sensitivity is also found in animals postmyocardial infarction 43 and in humans with heart failure 44 ; which are heart diseases with a high incidence of ventricular arrhythmias and sudden death. 45 In both cases, the pathophysiology is extremely complex, but altered myocyte Ca regulation with increased end-diastolic [Ca] is one of the central findings. 
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